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We isolated overlapping recombinant cosmids that represent the equivalent of two complete dihydrofolate
reductase amplicon types from the methotrexate-resistant CHO cell line CHOC400. The type I amplicons are
260 kilobases long, are arranged in head-to-tail fashion, and represent 10 to 15% of the amplicons in the
CHOC400 genome. The type II amplicons are 220 kilobases long, are arranged in head-to-head and tail-to-tail
configurations, and constituted the majority of the remaining amplicons in CHOC400 cells. The type II
amplicon sequences are represented entirely within the type I unit. These are the first compiete amplicons to
be cloned from a mammalian cell line.

DNA sequence amplification is a phenomenon that has
been observed in a variety of transformed mammalian cells,
including those of murine, hamster, rat, and human origin
(for reviews, see references 15, 26, and 28). Amplification in
mammalian systems was first described for drug-resistant
Chinese hamster and murine cell lines that had been sub-
jected to incremental increases in the concentration of
methotrexate (MTX) over an extended time period (2, 4, 23).
Amplification of the gene encoding the target enzyme,
dihydrofolate reductase (DHFR), results in increased ex-
pression of the enzyme, providing a selective growth advan-
tage in high levels of MTX.

In the last several years, a variety of other inhibitors have
been used to select cell lines that have amplified the gene
encoding the particular target enzyme (reviewed in refer-
ences 15, 26, and 28). In addition, it has been shown that
several human neoplasms contain multiple copies of khown
cellular oncogenes, the overexpression of which presumably
imparts a selective growth advantage in the context of the
organism (1, 6, 8, 27). DNA sequence amplification is
therefore a relatively widespread phenomenon that can
affect many loci.

In cell lines that are extremely resistant to selective
agents, the copy number of the corresponding gene can be as
high as 3,000 (31) and the amplified DNA can represent
several percent of the total genomic DNA content (4, 5, 21,
23, 30). High levels of amplification are almost invariably
accompanied by pronounced chromosomal aberrations in
the form of extrachromosomal, acentromeric double minutes
or expanded, abnormally banding chromosome arms (re-
viewed in references 7, 15, and 28). From estimates of the
dhfr gene copy number and the length of the abnormally
banding chromosome regions in MTX-resistant Chinese
hamster ovary (CHO) cells, it is clear that the unit of
amplification (amplicon) in this system is much larger than
the 25-kilobase (kb) dhfr gene itself and could be as large as
500 kb in some cases (23). In other drug-resistant cell lines
and in some human tumours, estimates for the length of
amplicons range as high as 3,000 kb (5).
Very little is known about the mechanisms responsible for

DNA sequence amplification in mammalian cells. It has been
suggested that amplification could result from unequal sister
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chromatid exchange, from rolling-circle replication, or from
a form of onion skin overreplication in which the extra
replicons are eventually arrayed end to end (15, 25, 26, 28).
In the unequal sister chromatid exchange and onion skin
replication models, recombination events must play a critical
role in fixing the extra DNA into tandem arrays, and the
joints between amplicons necessarily define the sites at
which recombination events occurred.

In an effort to define the structure of amplified DNA
sequences, including the joints between amplicons, we be-
gan a project several years ago to isolate an amplicon
equivalent from an MTX-resistant CHO cell line (CHOC400)
that was developed in our laboratory (21). This cell line
contains 1,000 to 1,200 dHFR genes, which are manifested
as stable, abnormally banding chromosomal regions. We
first cloned the dHFR gene itself, which was isolated intact
in a single cosmid by a phenotypic selection method (20). We
also isolated clones representing the locus in which DNA
replication initiates in the amplified dHFR domain (16) and
connected this locus to the gene in several overlapping
cosmids (223. By chromosome walking, we progressed out-
ward from this core sequence and have now isolated recom-
binant cosmids representing the equivalent of two complete
amplicon types from the CHOC400 cell line that differ in
size, end-to-end arrangement, and representation in the
genome.

MATERIALS AND METHODS
Preparation and screening of cosmid library and mapping

procedures. High-molecular-weight genomic DNA (>100 kb)
from cultured CHOC400 cells was prepared by the method
of Gross-Bellard et al. (13), partially digested with Sau3A1,
and fractionated on a 5 to 24% NaCl gradient in 10 mM
EDTA, pH 8.0. The gradient was centrifuged in an SW27
rotor at ;0,000 rpm for 15 h at 20°C, and the 35- to 45-kb
fractioA (iessed on an 0.5% agarose gel) was dialyzed and
precipitat&I with ethanol. The digest was suspended and
treated with calf intestinal phosphatase (19), followed by
heat inactivation, phenol-chloroform extractions, and
ethanol precipitation. After resuspension, the genomic di-
gest was ligated to BamHI-cleaved pHC79 at a vector-to-
genomic DNA weight ratio of approximately 1:10 (total
DNA concentration, 300 ,ug/ml) for 16 h at 12°C. The ligation
mixture was incubated in an in vitro packaging reaction
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mixture (Gigapack; Vector Cloning Systems) according to
the recommendations of the supplier, and the packaged
cosmids were absorbed to Escherichia coli HB101. Colonies
were plated, replica filters were prepared on Whatman 541
paper, and the filters were treated, prehybridized, and
hybridized with appropriate probes as described by
Grunstein and Hogness (14). Colonies giving moderate and
strong hybridization signals on X-ray film were streaked
onto new plates and rescreened with the same probes.
Minilysates were prepared from positive clones by the
method of Ish-Horowicz and Burke (17), digested with
appropriate enzymes, and electrophoresed on agarose and
transferred to GeneScreen (New England Nuclear Corp.).
The transfers were hybridized successively with pHC79
vector and with the probe used for screening. Clones with
more than one vector were discarded at this stage. A portion
of the minilysate from the remaining clones was labeled by
nick-translation with [32P]dCTP and used to probe genomic
digests of CHO and CHOC400 DNA to determine whether
the clones were derived from amplified DNA and to assess
the restriction pattern of DNA contained in the cosmid
insert. Large-scale cosmnid preparations were made by the
method of Ish-Horowicz and Burke (17). Cosmids were
mapped with EcoRI and HindilI as described previously
(20).

Southern transfers and hybridization probes. Genomic
DNA, cosmids, or minilysates were digested with appropri-
ate enzymes in the buffers recommended by the supplier
(Bethesda Research Laboratories), separated on 0.8%
agarose gels, and transferred to GeneScreen as described

FIG. 1. Overlapping cosmids representing the type I and II
dHFR amplicons. (A) Representative cosmids are positioned as they
occur in the map of the type I and type II amplicons. The position of
the dHFR gene is indicated on the linear scale, as are the head-to-
head and tail-to-tail junctions that define the ends of the type II
amplicon (arrows). The cosmids cHDZ23 and cNQ7 are drawn as
hairpins to denote the inverted repeat sequences that occur in these
two cosmids. Note that cosmid cYP25 is a variant that represents a
90-kb deletion in about 10% of the amplicons in the CHOC400 cell
line (shown as a dashed line; see text). (B) CHOC400 genomic DNA
was digested with EcoRI and separated on a preparative 0.8%
agarose gel. The DNA was transferred to GeneScreen, and the
transfer was cut into individual strips. Selected cosmids that formed
an overlapping series spanning the type I and type II amplicons were
labeled with [32P]dCTP and used individually to probe each strip.
After exposure to X-ray film, the images from each strip were
realigned for photography. Arrowheads indicate variants or frag-
ments unique to the type I amplicon (see text).

previously (22). Restriction fragments purified from agarose

by electroelution were labeled with [32P]dCTP (3,000 Ci/m-
mol; ICN Pharmaceuticals) by nick translation (24). Frag-
ments separated on low-melting-point agarose (Bethesda
Research Laboratories) were labeled directly in the agarose
by the random primer method (10). For mixed-probe exper-
iments, equal amounts of both purified fragments were
labeled in the same random primer labeling mixture. Specific
radioactivities were in the range of 0.2 x 109 to 2 x iO9
dpm/,ug of DNA.

RESULTS

Isolation of the type I and type II amplicons. We previously
reported the isolation of overlapping cosmid clones repre-
senting approximately 150 kb of DNA from the amplified
dHFR domain in the MTX-resistant cell line CHOC400 (22).
We subsequently learned that one of the cosmids used to
construct the map in this region contained two different
inserts alternating with two pHC79 vector sequences; both
inserts derived from amplified genomic DNA, but were

shown not to be contiguous in the genome (J. E. Looney,
unpublished observations). Thus, with this cosmid, we had
made an erroneous connection in the map between cosmids
c26-1 and cH2 (Fig. 1A). Elimination of c8-B and c26-1 from
the contiguous map reduced its length to approximately 120
kb (Fig. 1A) (22). This error was not detected previously
because we did not have other cosmids mapping to the 5'
side of cHl to confirm the sequence arrangement in this
region.
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To eliminate such artifacts from subsequent studies, we
prepared a new library from a sized, phosphatase-treated,
Sau3A partial genomic digest of CHOC400 DNA. By this
approach, we hoped to avoid the ligation of two genomic
fragments and to eliminate the possibility of a cosmid with
two vectors and two inserts. Based on the heterogeneity
observed in other systems (3, 9, 32), it was also clear that
several nonsibling cosmids would have to be isolated in
every screening step to obtain a true representation of the
average amplicon structure(s) in the CHOC400 cell line.
To clone the entire amplicon, we began by screening this

library with small fragments from the 5' and 3' ends of the
120-kb consensus region extending from cH2 to cC12 (Fig.
1A). In a typical walking step in which 2,000 to 4,000
colonies were screened with a small end fragment, 1 to 2% of
the colonies gave moderate or strong hybridization signals.
Minilysates were prepared from positive clones, and restric-
tion digests of these were analyzed in hybridization studies
to eliminate cosmids that did not derive from amplified DNA
(<5%) or which contained multiple vectors (-5%). The
average insert size of the remaining clones was in the range
of 35 to 45 kb. The clones isolated in a typical screening step
included approximately 40% that extended in the direction of
the walk, 40% that extended in the opposite direction, and
about 20% that were centered around the hybridization
probe. Thus, at each step, five to six clones representing new
sequences were isolated and previously isolated sequences
were confirmed with five to six additional clones.
By this chromosome-walking procedure, we were able to

extend the map in the 5' direction from cH2 for another 5 kb
and in the 3' direction from cosmid cC12 for an additional 95
kb (see map, Fig. 1A). We also rescreened the new library
with probes from the previously isolated 120-kb consensus
sequence to confirm the map in this region. Thus, the 220-kb
sequence from -15 to +205 kb (Fig. 1A) has been over-
lapped with at least 6 (and usually 10 to 12) nonsibling
cosmids at every locus. Except for a few minor variant
sequence arrangements (see discussion of variants below),
all cosmids isolated in a given screening conformed to the
unique map shown in Fig. 1A, indicating that the majority of
the amplicons in CHOC400 cells have this sequence arrange-
ment. In addition, all of the sequences from -15 to +205
appeared to be amplified to a similar degree as the gene
itself, based on the relative hybridization signals observed
when each clone was used to probe digests of CHOC400
genomic DNA (Fig. 1B, lanes B to K, and see below).
When end fragments from cHDZ23 and cNQ7 were used

as probes on the cosmid library to walk further in the 5' and
3' directions, respectively, we obtained an unexpected re-
sult. Although the number of positive clones isolated was
still in the range of 1 to 2%, the majority of these clones did
not contain new sequences that extended in the direction of
the walk. Rather, most of the inserts extended in the
opposite direction and were similar to sequences already
cloned. Several different screenings gave the same small
number of new clones, indicating a sudden drop in the copy
number of sequences mapping to the 5' and 3' sides of
cHDZ23 and cNQ7, respectively. EcoRI digests were made
of several cosmids that were isolated in walks from cHDZ23
and cNQ7 (Fig. 2). Using an end fragment from cNQ7 (lane
G), we obtained 20 cosmids that resembled cNQ7 itself (5 are
shown in Fig. 2, lanes B to F) and only 3 cosmids that
appeared to contain additional sequences not present in
cNQ7 (e.g., c32A1 and clA40, lanes H and I). Similarly, in
walking from the 5' end of cHDZ23 (lane M), 18 cosmids
were obtained that were very similar to cHDZ23 (4 are
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FIG. 2. Cosmids from the junction region in the type I and II
amplicons. Representative cosmids recovered in screening to the 3'
side of cNQ7 and the 5' side of cHDZ23 were digested with EcoRI
and separated on a 0.8% agarose gel. Lanes: A, cQ23; B, c23A40; C,
c21A23; D, c15A16; E, c10A39; F, clOA19; G, cNQ7; H, c32A1; I,
cIA40; J, cIJ44; K, c26A31; L, c19A16; M, cHDZ23; N, c27A37; 0,
c11A37; P, c18A14; Q, c10A42; R, cHl; S, EcoRl-HindIIl digest of
lambda DNA. The 2.8-kb and 6.6-kb EcoRI fragments indicated are
duplicated fragments detected in mapping and hybridization studies
on these cosmids (see text).

shown in lanes N to Q) and only 3 that appeared to have
significant amounts of new sequence mapping beyond the 5'
end of cHDZ23 (e.g., c26A31 and c19A16, lanes K and L).
However, the three new cosmids that were isolated from

the 5' end of the amplicon formed an internally consistent
map with respect to each other, as did the three new clones
that were isolated from the 3' end of the amplicon (mapping
data not show). Thus, there did not appear to be heteroge-
neity in sequence arrangement at the two ends of the
amplicon.

Structure of the type I amplicon. The cosmids c26A31 and
c32A1 were among the few new clones obtained initially by
walking outward in the 5' and 3' directions from cHDZ23
and cNQ7, respectively. The cosmids c26A31 and c32A1
appeared to have two or three similar-sized restriction
fragments in common, suggesting that they might be con-
nected in the genome (compare lanes H and K, Fig. 2). This
suggestion was confirmed in two additional ways: (i) a 6.5-kb
fragment (fragment R; see Fig. SA) from the 5' cosmid
c26A31 hybridized with a fragment attached to the vector in
the 3' cosmid c32A1 (hybridization data not shown), and (ii)
when fragment R from c26A31 and fragment 0 from c32A1
(see Fig. SA) were used separately to screen duplicate filters
containing clones from the CHOC400 library, about 30% of
the clones that hybridized to one probe hybridized to both
probes; these cosmids (e.g., cIJ44, lane J, Fig. 2) contained
several fragments common to both c26A31 and c32A1 that
straddled the region between these two clones (see Fig. 5A).

Representative overlapping cosmids from the amplicon
were hybridized individually to EcoRI digests of CHOC400
genomic DNA (Fig. 1B). The digests probed with each
cosmid appear in the same order in the figure as the cosmids
occurred in the map. Each successive cosmid hybridized to
fragments that were shared with both the preceding and
following clones, and overlaps between cosmids were con-
tinuous beginning and ending with c26A31. The map of the
type I amplicon has therefore been closed and, by definition,
is circularly permuted. It follows that the type I amplicons
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FIG. 3. Cosmids cNQ7 and cHDZ23 contain internal duplications. EcoRI digests of the cosmids shown in Fig. 2 were separated on

duplicate 0.8% agarose gels and transferred to GeneScreen. A 2.8-kb EcoRI fragment from cNQ7 (A) and a 6.6-kb EcoRI fragment from
cHDZ23 (B) were labeled with [32P]dCTP and hybridized to each transfer. The letters below each lane signify the same cosmids as in Fig. 2.

are arranged in a head-to-tail configuration. By summing the
lengths of nonoverlapping fragments in the individual
cosmids used to construct the map shown in Fig. 1A, we

estimate that the type I amplicon is approximately 260 kb
long.
To date, we have not been able to determine the posi-

tion(s) of the junction(s) between the type I amplicons. A
junction fragment in the CHOC400 genome would join two
parental restriction fragments. Such a junction fragment
would therefore normally hybridize to two fragments of
different length in CHO DNA. After hybridization of
cosmids to parental CHO and CHOC400 genomic DNA
digests, we did not detect any fragments with this property in
the 195-kb region extending from cH2 to c26-1 (Fig. 1A) (22;
J. L. Looney, B. Troutman, and J. L. Hamlin, unpublished
data). This analysis is incomplete, however, since small
restriction fragments give very low (and sometimes unde-
tectable) hybridization signals on parental DNA when
cosmids are used as probes. We also tested all of the
individual EcoRI fragments >1 kb in length in the remainder
of the amplicon (represented by cNQ7, c32A1, and c26A31;
see Fig. SA), and have not yet found a fragment in this region
that could be interpreted as a junction fragment. The junc-
tion(s) may therefore occur in a smaller fragment(s) that we
have not yet tested. Alternatively, it is possible that junc-
tions occur at many different positions in the larger type I
amplicons and that we have not been able to isolate cosmids
that contain any of these heterogeneous junction fragments.

Structure of the type II amplicon. It is apparent that the
hybridization signals from some of the genomic fragments
recognized by individual cosmids were much weaker than
the signals from other fragments detected by the same
cosmid (Fig. 1B). We know from mapping studies that most
of the fragments that give lower hybridization signals than
expected are truncated in the cosmid by attachment to
vector (e.g., the third band in cSE24, the fourth band in
cQ23, and the fifth band in c32A1, Fig. 1B). However, the
fragments indicated by arrowheads in the hybridization
patterns of c32A1 and c26A31 were not attached to the

vector. Furthermore, these fragments were unique to
c26A31 and c32A1 and mapped to the 5' and 3' side of
cHDZ23 and cNQ7, respectively (mapping data not shown).
They are therefore not as prevalent in the CHOC400 genome
as the 220-kb consensus sequence mapping between -15 and
+205 kb. This result suggested two possibilities: (i) either the
remaining 90% of the amplicons in CHOC400 are heteroge-
neous in length, so that there are a large number of variably
arranged cosmids beyond the consensus region from -15 to
+205 kb; or (ii) the predominant amplicon type in CHOC400
cells might be smaller than the type I amplicon, ending near
the 5' and 3' boundary of cHDZ23 and cNQ7, respectively.
We considered the first of these possibilities unlikely be-
cause the probes from cHDZ23 and cNQ7 that were used for
screening did not detect a heterogeneous family of cosmids
extending in the 5' and 3' directions. The only cosmids we

recovered with these probes either confirmed the previously
cloned sequences represented by cHDZ23 and cNQ7 or
were derived from the larger type I amplicon.
To test whether cHDZ23 and cNQ7 were connected,

forming a smaller amplicon, we asked whether fragments
from one cosmid hybridized to digests of the other cosmid
(Fig. 3). While none of the fragments from cNQ7 hybridized
to any sequences in cHDZ23, a 2.8-kb EcoRI fragment from
cNQ7 (fragment I, see Fig. SA) hybridized to a second
fragment in an EcoRI digest of cNQ7 itself (lane G) and to
related cosmids (e.g., clOA19, lane F, Fig. 3A; others not
shown). This second fragment was attached to the vector in
both cNQ7 and clOA19, accounting for its altered mobility
(data not shown). In several other cosmids related to cNQ7
(e.g., c15A16 and c10A39), lanes D and E, Fig. 3A), both
copies of fragment I were completely contained within the
insert (mapping data not shown), resulting in a 2.8-kb
doublet. In these two cosmids, this doublet occurred as part
of a triplet, one of which had a different sequence (Fig. 2).
However, by comparing the intensity of ethidium bromide
staining of the 2.8-kb band in cosmids cNQ7 and clOA19
(lanes F and G) to the triplet in cosmids c15A16 and c10A39
(lanes D and E), an increase in fluorescence of this band was
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observed. In all of these clones, one representative of the
duplicated sequence either was connected to the vector at
the 3' end or lay very near the 3' end of the insert (mapping
data not shown).
A similar result was obtained when a 6.6-kb fragment from

cHDZ23 (fragment V, see Fig. 5A) was hybridized to digests
of cNQ7 and to cHDZ23 and related cosmids (Fig. 3B). No
sequences in cNQ7 (lane G) were recognized by the cHDZ23
probe. Instead, the probe detected a second fragment in
addition to itself in cHDZ23 (lane M) and related cosmids
(e.g., c27A37, lane N, Fig. 3B). Again, the fragment was
connected to the vector in cHDZ23 and c27A37 and was
detected as a doublet in others (e.g., c11A37, c18A14, and
c20A42, lanes 0 to Q, Fig. 3B). This 6.6-kb doublet was also
detected in ethidium bromide-stained digests of these
cosmids by comparing its intensity with that of larger bands
in the same well (lanes 0 to Q, Fig. 2).
These data showed that the cHDZ23 and cNQ7 families

were not connected to each other and further indicated that
each cosmid contained either repeated sequence elements or
internal duplications. However, both fragment V from
cHDZ23 and fragment I from cNQ7 appeared to be single- or
low-copy-number sequences when hybridized to parental
CHO genomic digests (data not shown). Furthermore, when
these probes were used to screen the library in the walking
steps outward from cHDZ23 and cNQ7, we did not recover
cosmids unrelated to the map in these regions. The probes
therefore do not contain either moderately or highly re-
peated sequence elements that are dispersed throughout the
genome. The fact that several other nonsibling cosmids
related to cHDZ23 and cNQ7 contained the same duplica-
tions (Fig. 2 and 3) also indicates that these sequence
arrangements were highly amplified in the CHOC400
genome and were not rearrangements of the cosmids per se.
Our results therefore suggest that duplications of the se-
quences represented by fragments V and I are confined to
the amplified DNA represented by the cHDZ23 and cNQ7
families, respectively.
To investigate further the sequence arrangements in cNQ7

and cHDZ23, additional fragments were hybridized to EcoRI
digests of CHO and CHOC400 genomic DNA and to digests
of the cosmids themselves. We found that a 1-kb EcoRI
fragment from cNQ7 (fragment K/J, see Fig. 5A) hybridized
to a highly amplified 1-kb fragment in CHOC400 DNA that
was absent from the parental CHO digest, indicating that the
fragment was rearranged (Fig. 4A). In addition, fragment K/J
recognized a highly amplified 2.5-kb fragment and a less
prevalent 0.5-kb fragment in CHOC400 DNA, both of which
were present in CHO DNA. The rearranged 1-kb fragment
K/J from cNQ7 also hybridized to 2.5-kb and 0.5-kb frag-
ments in cosmid c32A1, but detected only itself and the
2.5-kb fragment in cNQ7 (Fig. 4B). These data indicate that
fragment K/J from cNQ7 contains ajunction that was formed
from fragments K and J, both of which are contained in
c32A1 as parental-sized fragments (see map, Fig. 5A).
We found a similar rearrangement in cosmid cHDZ23

when fragment T/U (Fig. 5A) was used to probe genomic
digests of CHO and CHOC400 DNA; fragment T/U itself
appeared to contain a junction between fragments T and U,
both of which are contained as parental-sized fragments in
c26A31 (Fig. 5A; hybridization data not shown).
From the EcoRI maps of cNQ7 and cHDZ23 (Fig. 5A), it

can be seen that the rearranged fragments K/J and T/U are
flanked by the duplicated fragments I and V, respectively.
We interpret these results to mean that these two cosmids
contain head-to-head and tail-to-tail junctions, respectively,
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FIG. 4. Cosmid cNQ7 contains a rearranged junction fragment

that is highly amplified in the CHOC400 gene. (A) EcoRI digests of
CHO and CHOC400 genomic DNA were separated on agarose and
transferred to GeneScreen. The transfer was probed with a 1.0-kb
EcoRI fragment (K/J) from cosmid cNQ7 (see map, Fig. 5A). (B)
Transfers containing EcoRI digests of cosmids cNQ7 and c32A1
were probed with the 1.0-kb EcoRI fragment (K/J) from cNQ7. The
gel in this panel was run considerably longer than the gel shown in
panel A.

between the prevalent type II amplicons. The type II
amplicon therefore extends from fragment T/U in the 5'
cosmid cHDZ23 to fragment K/J in the 3' cosmid cNQ7 (see
maps, Fig. 1A and 5A). The type II amplicon is approxi-
mately 220 kb long, is represented in its entirety within the
type I amplicon, and is missing sequences represented by
cIJ44 and part of c26A31.
The proposed sequence arrangements of both the type I

and type II amplicons are diagrammed in Fig. 5A, in which
a map of the junction region extending from cNQ7 to
cHDZ23 is presented (this map is an extension of the right
end of the map in Fig. 1A into the next amplicon). It can be
seen from the diagram of the type II amplicon that if
fragment K/J, which represents the tail-to-tail junction in
cNQ7, were hybridized to an EcoRI digest of CHOC400
genomic DNA, it would recognize a highly amplified frag-
ment of the same size from the type II amplicon (fragment
K/J) in addition to fragment J (also highly amplified) and
fragment K (unique to the type I and therefore present less
frequently in the genome). A similar result would be ob-
tained with fragment T/U, which represents the proposed
head-to-head junction in cHDZ23. In both cases, neither
junction fragment would find a counterpart in parental CHO
DNA.

In Fig. 5B, we have pictured two of the possible linear
arrangements of the two different amplicon types in the
CHOC400 genome. In one version, the type I amplicons are
grouped together at one chromosomal locus and the type II
amplicons are grouped together at another. In the second
version, the two types are interspersed.

Representation of the two amplicon types in the CHOC400
genome. We have previously shown that all of the sequences
from -10 to +110 kb (Fig. 1A) appear to be amplified to a
similar extent in the CHOC400 genome (22). This conclusion
derived from experiments in which a fragment from the
dHFR gene was mixed with a fragment of similar but not
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FIG. 5. End-to-end arrangements of the type I and type II amplicons in CHOC400. (A) EcoRI map of the region between the 3' cosmid
cNQ7 and the 5' cosmid cHDZ23 (an extension of the right end of the map in Fig. 1A). The type I map is continuous in this region and was
deduced from the sequence arrangement of cosmids c32A1, cIJ44, c26A31, and overlapping clones. The position of transcription initiation
from the dHFR gene is shown by the arrow above the type I map, and the heavy line in this map indicates sequences shared with the type
II amplicon. The type II map shows the inverted sequences that occur at the tail-to-tail and head-to-head junctions between the type II
amplicons. This structure was deduced from mapping studies of cosmids cNQ7 and cHDZ23, respectively. (B) Two postulated arrangements
of the two amplicon types in the CHOC400 genome are shown. Each arrow symbolizes one amplicon unit, with the point representing the
5' end or head of the amplicon. In the upper diagram, the type II amplicons are grouped together in a continuous array at one chromosomal
location, and the type I amplicons are at another location. In the lower diagram, the two amplicon types are interspersed.

identical size from a distant location; this mixed probe was
then hybridized to digests of CHO and CHOC400 genomic
DNA. The ratio of the hybridization signals from the two
fragments in parental CHO DNA was arbitrarily set to 1, and
this ratio was compared with that observed in digests of
CHOC400 DNA. With all of the probes extending from -10
to + 110 kb, the ratio of signals relative to the gene fragment
was similar in parental and in CHOC400 genomic DNA
digests (22).
We expanded this analysis to include sequences from the

remainder of the amplicon, and representative autoradio-
grams are presented in Fig. 6. Fragments A to J and U to Y,
which are contained in cosmids cNQ7, c32A1, cHDZ23, and
c26A31 (Fig. 5A, type I map), were each individually mixed
with a second reference fragment of similar but not identical
size isolated from cC12, which is in the center of the type II
amplicon (Fig. 1A). Each of these mixed probes hybridized
to the two fragments in each case with similar relative
intensities in parental and in CHOC400 genomic digests
(e.g., fragments I and V, Fig. 6A and D). However, frag-
ments L to S, which are unique to the type I amplicon, were
greatly underrepresented in the CHOC400 genome relative
to the reference fragment from c12 (results for fragments L
and S are shown in Fig. 6B and C). The copy number

therefore drops off sharply between the two fragments that
straddle the junctions at each end of the type II amplicon
(from approximately 100% relative to the cC12 probe to
approximately 10%). The sequences that are unique to the
type I amplicon (represented by cosmid cIJ44 and part of
c26A31, Fig. 5A) were therefore present at 10 to 15% of the
copy number of the type II amplicons that extend from
cHDZ23 to cNQ7 (see Fig. 1A and 5A). This conclusion is
also compatible with results obtained in the walking steps
outward from cHDZ23 and cNQ7, in which only 10 to 15% of
the cosmids recovered extended beyond these clones into
the sequences unique to the type I amplicon.
Minor variant sequence arrangements. In each of the

chromosome-walking steps involved in the isolation of the
220-kb consensus region shared by the type I and type II
amplicons (Fig. 1A), almost every cosmid recovered at each
step conformed to the consensus sequence. One exception
was a small family of cosmids that were recovered as part of
a larger group in screening to the 5' side of c26-1. A probe
from the 5' end of this cosmid detected about 25 clones of the
cN27 and cBP22 types (Fig. 1A), but also hybridized with
four clones representing a variant structure (the cYP25
family). One additional clone of the cYP25 type was also
isolated in a screening to the 3' side of cS21. cYP25 and
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related cosmids contained a variant 8-kb EcoRI fragment
that hybridized with an 11-kb fragment in cS21 and a 4.8-kb
fragment in c26-1 (hybridization data not shown). This
variant was also detected when cSE24 (which overlaps cS21)
was hybridized to CHOC400 DNA (Fig. 1B, lane E, arrow-
head). The union of sequences in cS21 and c26-1 represents
a deletion of approximately 90 kb in about 10% of the
amplicons in CHOC400, based on relative hybridization
signals on genomic blots. Since this 8-kb variant fragment
occurs within the region common to both the type I and type
II amplicons, it is not possible at present to determine from
which amplicon type it derived.

It could be argued that this variant fragment represents the
legitimate junction between the type I amplicons. However,
we have shown that it did not appear during the development
of the CHOC400 cell line until an MTX resistance level of 50
,ug/ml was attained (M. Montoya-Zavala and J. L. Hamlin,
unpublished data). Since the larger type I amplicon can be
detected at much lower levels of drug resistance (unpub-
lished data), the real junction fragment is probably located
elsewhere in the type I map. This 8-kb fragment is one of the
few variants in the genome that we have detected in hybrid-
ization studies with cosmids, which suggests that our cloning
strategy would have recovered variants that occur in >5 to
10% of the amplicons.
Another 20-kb EcoRI variant fragment was detected in

cCIG23 and related cosmids (e.g., cAA43, arrowhead, lane
G, Fig, 1B). This fragment was highly amplified in the
CHOC400 genome, but absent as such from parental CHO
DNA (data not shown). Instead, the 20-kb fragment hybrid-
ized to a 9-kb and an 11-kb fragment in CHO digests, and
fragments of this size were also detected as faint bands in
EcoRI digests of CHOC400 DNA probed with cCIG23 or
cAA43 (e.g., lane 0, Fig. 1B, bands just below the 2-kb
fragment). When the cosmids cCIG23 and cAA43 were used
to probe other restriction enzyme digests of CHOC400 and
CHO DNA, however, the restriction patterns appeared to be
identical (data not shown). We therefore assume that the
20-kb EcoRI fragment resulted from the loss of an EcoRI site
sometime early in the amplification process and is not related
to rearrangements involved in atnplification per se.
We also occasionally detected minor variant fragments

when other cosmids were used to probe CHOC400 DNA
(see faint bands in the EcoRI digests of CHOC400 DNA
probed with cBP7, lane H, Fig. 1B). We have not yet
determined whether any of these fragments are also present
in CHO digests, which would indicate that they represent
moderately repeated, dispersed sequence elements. How-
ever, it is likely that some minor bands represent legitimate
alterations in sequence arrangement in some of the
amplicons in the CHOC400 genome.

DISCUSSION

Several groups have isolated recombinant clones repre-
senting amplified DNA from drug-resistant cell lines and
human neoplasms (3, 9, 12, 18, 32). To date, however, no
arhplicon equivalent has been cloned in its entirety from any
mammalian cell line. The problem has been made more
difficult by the apparent large size of the units of amplifica-
tion in some cell lines. Furthermore, in two notable cases
[the dHFR amplicons in an MTX-resistant murine cell line
and the CAD amplicons in N-(phosphonacetyl)-L-aspartate
(PALA)-resistant BHK cells], the amplicons in a single cell
line appeared to be quite variable. Not surprisingly, the
selectable gene in each case (dHFR and CAD) appeared to

be identical in structure in the majority of amplicons, but
sequences flanking the gene were shown to be highly rear-
ranged (3, 9). This finding indicates that in these cell lines the
amplicons are not uniform in length and may even contain
sequences that originally derived from other unrelated loci
but became joined to the amplicon by complex recombina-
tion events (9). Since attempts were made to construct single
amplicon maps from clones that derived from different,
nonidentical amplicons, the resulting maps exhibited multi-
ple branch points, and cloning an entire amplicon equivalent
would have been extremely difficult.
The lack of homogeneity among the amplicons in the

MTX-resistant murine cell lines studied by Federspiel et al.
(9) could have been because the amplicons in most of these
cell lines are located in unstable, extrachromosomal double
minutes, which may have undergone frequent illegitimate
recombination events that created heterogeneity in amplicon
structure. However, the highly rearranged CAD amplicons
observed in PALA-resistant Syrian hamster cells are located
in stable, abnormally banding chromosomal regions (3), as
are the dHFR amplicons in CHOC400 cells (21). This incon-
gruity suggests that other more subtle factors, such as cell
type or drug treatment regimen, may be contributing to the
heterogeneity observed in these systems.

In our chromosome-walking strategy in the CHOC400
genomic library, we were necessarily also constructing a
consensus map from recombinant clones that derived from
different amplicons in the same cell. Our success in isolating
the equivalent of two complete amplicon types is most likely
due to the relatively small size of the amplicons in this cell
line (220 to 260 kb) and the relative homogeneity of these
structures in the CHOC400 genome. In the course of the
walking procedure, we did identify a significant (>5%)
variant structure (the cYP25 family), but this exceptional
arrangement corresponded to a variant fragment that we had
detected previously by hybridizing cosmid cS21 to
CHOC400 genomic DNA digests (22). We cannot presently
rule out the possibility that there are also a large number of
random variations scattered throughout the amplicons, any
one of which occurs too infrequently to be cloned or
detected by hybridization of cosmids to genomic digests.
The type I and type II maps in Fig. 1A and 5A should
therefore be considered maps of the average amplicons in
the CHOC400 genome.
The map of the type I amplicon is circularly permuted,

indicating that these amplicons are arranged in head-to-tail
arrays, although we have not as yet identified the junction
fragments between the type I amplicons that will allow us to
formally demonstrate this proposal. However, we are using
a series of CHO mutants that have deleted large segments of
the dHFR locus (29) in a strategy that may allow us to
determine the location of the junctions unambiguously.

Especially surprising is the apparently homogeneous ar-
rangement of the interamplicon junctions between the type
II amplicons. We isolated several cosmids representing both
the 5' end (cHDZ23 family) and the 3' end (cNQ7 family) of
this amplicon, and all of the cosmids within each group
contained the same rearranged fragments, which undoubt-
edly represent the joints between the type II amplicons.
Thus, once the amplification and recombination events oc-
curred that gave rise to these rearrangements of parental
fragments, the rearrangements seem to have been propa-
gated in subsequent amplification steps.
The highly amplified, rearranged fragments detected in

cHDZ23 and cNQ7 are flanked on both sides by duplicated
fragments. This finding suggests that the cHDZ23 and cNQ7
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cosmid families, which define the ends of the type II
amplicon, contain the inverted repeat sequences that would
be expected of head-to-head and tail-to-tail unions between
amplicons. Our results are thus compatible with the obser-
vations of Ford and Fried (11), who used a snap-back
hybridization procedure to demonstrate that extensive in-
verted repeat sequences occur in the amplified DNA of a
PALA-resistant BHK cell line and in the DNA of four
human tumor cell lines containing amplified c-myc genes. It
is also interesting that in all of the cosmids derived from the
suspected joint regions between the type II amplicons in
CHOC400, the center of the inverted sequence (joint) is
located close to the end of the cosmid insert. None were
found in which the rearranged fragment is located in the
middle of the insert. This result would be expected if larger
inverted repeat sequences were not tolerated by the bacterial
host, were recombined out, and were therefore not included
in our analysis.
The question arises why there are tlyo different amplicon

types in the CHOC400 genome. The dHFR amplicons in this
cell line are located in abnormally banding chromosome
regions on three different chromosomes (one major and two
minor sites [21]). One explanation is that amplification of the
type I amplicon may have initiated at only one of these sites,
but a fragmentation event that gave rise to secondary sites
may have involved a truncation of the type I amplicon at the
5' end, giving rise to the type II amplicon. In situ hybridiza-
tion studies with probes from the region unique to the type I
repeated sequence should help us to test this hypothesis,
since these probes should hybridize to only one or two of the
abnormally banding sites in the CHOC400 karyotype.
The type I and type II amplicons are considerably longer

than our original estimate of 135 kb, which was based on the
sum of the lengths of observable restriction fragments sep-
arated on ethidium bromide-stained agarose gels (21). This
discrepancy is most likely due to the fact that doublets and
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FIG. 6. Representation of the two amplicon types in the
CHOC400 genome. EcoRI digests of CHO and CHOC400 genomic
DNA were separated on agarose gels and transferred to
GeneScreen. The digests were hybridized to a mixed probe contain-
ing a reference EcoRI fragment (R) from the cosmid cC12 (see Fig.
1A) and a second fragment from the junction region shown in Fig.
SA. (A) A 2.6-kb reference fragment (R) and the 1.3-kb fragment I.

(B) A 2.6-kb reference fragment (R) and the 1.8-kb fragment L. (C)
A 6.0-kb reference fragment (R) and the 5.3-kb fragment S. (D) A
6.0-kb reference fragment (R) and the 6.6-kb fragment V.

triplets are often not detected in this method, leading to an
underestimate of the total amplicon length. However, the
minimum 220-kb and 260-kb lengths that we have calculated
from the map of the clones are reasonably compatible with
estimates based on the size of the abnormally banding
regions on chromosomes and the dHFR gene copy number.
The abnormally banding regions in CHOC400 represent
-5% of the total condensed mitotic chromosome length (21).
With a genome size of 6 x 109 base pairs (bp), this represents
-3 x 108 bp. We estimate that there are 1,000 to 1,200 copies
of the dHFR amplicon per cell, which would give an average
amplicon size of 250 to 270 kb. It should be noted, however,
that these size estimates do not take into account the 90-kb
deletion that occurred between cS21 and c26-1 in about 10%
of the amplicons (represented by cYP25, see Fig. 1A). Since
we do not know in which amplicon type this deletion
occurred, it is possible that the type I amplicon is only 170 kb
long or that 10% of the type II amplicons are only 130 kb
long. Alternatively, the 90-kb deletion may be distributed
between both amplicon types.
Our data do not presently allow us to discriminate be-

tween the re-replication and unequal sister chromatid ex-
change models for DNA sequence amplification in this
system. The initial unit of amplification might be equivalent
to a parental replicon, as we have suggested previously (22).
The cosmid cS21, which contains the initiation locus, would
therefore be expected to lie close to the center of the type I
amplicon, which is the structure detected at early stages of
amplification (unpublished data). This would fix the junction
between the type I amplicons in the region of cNQ7, near the
tail-to-tail junctions in the type II amplicons (Fig. SA). We
will not be able to test this hypothesis until we have
determined the position of the junction(s) between the type I
amplicon. However, in a forthcoming report, we will show
that three other independently derived methotrexate-
resistant Chinese hamster cell lines have amplified the entire
260-kb type I amplicon (J. E. Looney and J. L. Hamlin,
manuscript in preparation). This finding is interesting in light
of the fact that the dHFR gene itself is presumably the only
sequence whose amplification is selected by the drug treat-
ment regimen. We suggest that the cell may be mechanisti-
cally constrained, at least initially, to amplify an entire
replicon, whose average boundaries are fixed in the genome,
possibly at preferred topoisomerase II binding sites or other
sites that are involved in maitntaining chromosome structure
or function. However, any proposed mechanism must some-
how explain the head-to-tail, head-to-head, and tail-to-tail
arrangements that we have observed in this system.

Since we have now cloned the equivalent of two entire
amplicons from the CHIOC400 genome, we hope to be able to
determine whether either of these units has the same bound-
aries as the parental replicon in the CHO genome. The
isolation of a complete replicon will allow us to study the
structural organization of this functional domain in the
nucleus.
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